As a new plant biostimulant, poly-γ-glutamic acid (γ-PGA) may be an effective anti-drought agent that can efficiently alleviate the damage to plants under drought stress. In this study, the effects of γ-pGA on the physiological responses of oilseed rape (Brassica napus L.) seedlings under drought stress were investigated using hydroponics. Growth and development of the rape seedlings were significantly inhibited in a polyethylene glycol-simulated drought environment. However, 12 d after application of γ-PGA under drought stress, the fresh weight, chlorophyll content, and relative water content of rape seedlings all markedly increased. Moreover, proline content and antioxidant enzyme activity were all markedly enhanced, and the malondialdehyde content was significantly reduced in rape seedlings treated with γ-PGA. Furthermore, the content of the important anti-drought response hormone, abscisic acid (ABA), as well as the expression levels of the ABA metabolism regulation genes BnNCED3, BnZEP, and BnAAO4, significantly increased. These results indicate that γ-PGA may induce elements of a tolerance system to drought stress by promoting ABA accumulation in B. Napus.
reported that growth and nitrogen assimilation of plants were significantly improved by γ-PGA application 20, 23, 24 . Furthermore, γ-PGA enhanced the tolerance of oilseed rape seedlings to salt and cold stress 25, 26 . However, only few studies have assessed the effects of γ-PGA on drought resistance in plants. Determining the effects of γ-PGA on plant resistance to drought stress is necessary to understand how to regulate plant growth, which would aid the development of efficient and environmentally friendly drought resistant agents of γ-PGA.
Oilseed rape (Brassica napus L.) is among the major globally produced oil crops whose production and quality are the most affected by drought stress 27 . The objective of the present study was to investigate the effects of γ-PGA on rape seedlings and reveal the mechanism of action. Biomass, proline content, MDA content, and antioxidant enzyme activity were compared under polyethylene glycol (PEG) stress. Subsequently, the expression levels of some of oilseed rape drought-associated genes were also evaluated. Moreover, the mechanisms by which γ-PGA enhanced salt resistance in rape seedlings were also elaborated based on the research findings.
Results
Effects of γ-PGA on fresh weight, chlorophyll content, and relative water content of rape seedling shoots under drought stress. The effect of γ-PGA on fresh weight and chlorophyll content of rape seedlings is shown in Table 1 . Under normal water condition, γ-PGA improved both the FW and chlorophyll content of rape seedlings, especially after 8 d of treatment, consistent with the results of previous studies 25 . After 12 d of treatment, the FW and chlorophyll content of the PGA group increased by 18.9 and 18.6%, respectively, compared to the control group. Under drought stress, rape seedlings in the PEG group showed 60.6 and 54.6% lower FW and chlorophyll content, respectively, compared to the control group after 12 d of treatment. However, the FW and chlorophyll content of rape seedlings in the PGA + PEG group increased by 43.5 and 33.8%, respectively, compared to the PEG group.
The RWC of the rape seedlings remained relatively stable under normal water conditions, and PGA induced a slight increase in the RWC of the rape seedlings, although the increase was not significant (Fig. 1 ). Under drought stress, the RWC of the oilseed rape seedlings showed a sharp decrease. The RWC decreased by 15.4, 19.6, 25, 30.6, 35.4, and 42 .3% after 2, 4, 6, 8, 10, and 12 d of treatment, respectively, compared to the control group. However, the RWC of rape seedlings in the PGA + PEG group increased by 7.6, 9.0, 13.3, 18.4, 21.2, and 30.0% with respect to days after treatment compared to the PEG group. These results indicate that γ-PGA alleviated the effects of drought stress on rape seedlings. Table 1 . Effects of γ-PGA on fresh weight and chlorophyll content in rape seedling shoots under non-stress and drought stress, respectively. Each value represents the mean ± standard deviation. Different lowercase letters of each line indicate significant difference at p < 0.05. Effects of γ-PGA on antioxidant enzyme activity. The effect of γ-PGA on the antioxidant enzyme activity of rape seedlings is shown in Fig. 4 . The activity changes of SOD, CAT, APX, and POD showed similar trends in our study. SOD, CAT, APX, and POD activities in the PGA group were consistently higher in the PGA group than in the control group. Under drought stress, rape seedling SOD, CAT, APX, and POD activities improved significantly in both the PEG and PGA + PEG groups. In addition, the SOD, CAT, APX, and POD activities in the PGA + PEG group were all significantly higher than those in the PEG group, and always remained at a substantially high level. Consequently, these results show that γ-PGA effectively enhanced the SOD, CAT, APX, and POD activities in rape seedlings, and this enhancement effect was pronounced under drought stress. www.nature.com/scientificreports www.nature.com/scientificreports/ Effects of γ-PGA on ABA accumulation and relative transcription levels of ABA biosynthesis genes. The effect of γ-PGA on ABA content of rape seedlings is shown in Fig. 5 . The ABA content of rape seedlings was slightly higher in the PGA group than in the control group, especially after 4 d of treatment. Under drought stress, γ-PGA application led to a significant increase in ABA content from the beginning, which was 33.3% higher than the PEG group after 2 d of treatment, and this value reached 60% after 12 d of treatment.
Days after treatment
The effects of γ-PGA on the relative transcription levels of BnNCED3, BnZEP, and BnAAO4 are shown in Fig. 6 . In our study, the transcription levels of BnNCED3 and BnZEP showed no significant difference between the control and PGA groups, and their transcription could be induced under drought stress. In addition, the application of γ-PGA significantly increased the transcription levels of BnNCED3, BnZEP, and BnAAO4 under drought stress, and the transcription of these three genes remained at a higher level during the entire sampling time compared with the PEG group. In contrast to BnNCED3 and BnZEP, the transcription of BnAAO4 was also induced by γ-PGA under non-stress condition compared to the control group. In general, these results indicate that application of γ-PGA can induce the transcription of specific ABA biosynthesis genes, especially under drought stress, which are associated with ABA accumulation.
Discussion
As a natural polymeric amino acid, γ-PGA plays an important role in agricultural applications, as has been extensively reported 20 . However, there are few reports on the effects of γ-PGA on drought resistance in plants. This paper is the first to report the effects and mechanism of action of γ-PGA in drought stress tolerance. As shown in Table 1 , γ-PGA increased the FW and chlorophyll content of rape seedlings under non-stress conditions, consistent with our previous results 25 . In addition, and as shown in Fig. 1 , the application of γ-PGA led to a marginal increase in the RWC of rape seedlings under non-stress conditions, indicating that γ-PGA can enhance plant water holding capacity. Furthermore, γ-PGA application effectively reduced water loss in rape seedlings and inhibited the sharp decrease in RWC under drought stress.
To further investigate the mechanisms of γ-PGA enhanced drought stress tolerance in rape seedlings, we investigated the physiological indexes of rape seedlings under drought stress. Drought stress caused a significant increase in MDA content in rape seedlings, with the change in MDA levels reflecting plant cytoplasmic membrane peroxidation under stress 28 . Drought stress can reduce the utilization of oxygen in plants, resulting in excess ROS such as O 2− and H 2 O 2 and leading to cell membrane damage and affecting plant growth 29 .
In this study, γ-PGA significantly inhibited the increase in MDA levels in rape seedlings under drought stress. This result indicates that γ-PGA can effectively promote the removal of excessive ROS produced in rape seedlings in adverse environments, reducing the production of MDA and consequently the damage to rape seedlings. We also investigated the antioxidant activity of four enzymes important for plant defense against ROS, namely, POD, APX, SOD, and CAT. In plant cells, POD catalyzes the conversion of H 2 O 2 to H 2 O and O 2 , SOD and APX catalyze the disproportionation of O 2− into molecular O 2 and H 2 O 2 , and CAT activity leads to the elimination of H 2 O 2 produced by β-oxidation of fatty acids [30] [31] [32] [33] . The activity of these enzymes is normally upregulated when plants are subjected to external stress, scavenging excess free radicals and maintaining free radicals at physiological dynamic levels to enhance plant resistance. Under normal water conditions, γ-PGA application resulted in a relative increase in POD, APX, SOD, and CAT activities in rape seedlings, and the effect of γ-PGA on enzyme www.nature.com/scientificreports www.nature.com/scientificreports/ activity was more significant, and maintained at a higher level, under drought stress. Therefore, γ-PGA can effectively increase the POD, APX, SOD, and CAT activities under drought stress, thereby enhancing the ability of plants to scavenge ROS and ultimately reduce MDA-induced damage. In addition, osmotic pressure in plants is altered under drought stress, so there must be related substances to maintain the stability of osmotic pressure. Proline is the most important osmotic regulator, which is widely present in plants in a free state 34 . Studies have shown that proline accumulation is positively correlated with plant adaptation to drought and salt stress 35 . In this study, γ-PGA increased the proline content in rape seedlings under non-stress, and the improvement was more significant under drought stress.
Plant drought stress-related signal transduction pathways are interconnected and interact to form a signal transduction network, of which ABA is an important component 36 . Studies have shown that an increase in ABA content can prevent the reduction of antioxidant enzyme activity in plants, regulate the balance of active oxygen metabolism, and inhibit the increase in MDA content, thereby mitigating drought damage 37 . Moreover, ABA can activate the expression of drought-tolerance related genes 22 . Cutler et al. and Lee et al. both observed that ABA can significantly decrease plant leaf elongation and promote stomatal closure, resulting in reduced leaf area, reduced water loss, and improved water use efficiency under drought stress 38, 39 . Jie et al. found that the application of ABA can increase proline content, thereby protecting apple leaves from oxidative damage induced by drought stress 40 . Sharp et al. showed that the addition of exogenous ABA promoted tomato plant growth and increased water uptake 41 . Therefore, we speculated that γ-PGA application might reduce water loss and ease oxidative damage in rape seedlings under drought stress in a manner related to increased ABA accumulation.
The ABA content increases rapidly when plants are subjected to drought stress, and this effect is achieved mainly via the activation of ABA biosynthesis and inhibition of the ABA degradation pathway 42, 43 . To test this, we first investigated the effect of γ-PGA on the accumulation of ABA. γ-PGA promoted the accumulation of ABA in rape seedlings even under non-stress conditions, and ABA accumulation was greater under drought stress.
In B. Napus, BnZEP gene has high homology with Arabidopsis thaliana AtZEP gene 44 . Hee et al. showed that the overexpression of ZEP gene in Arabidopsis can improve its ability to resist osmotic stress 45 . NCEDs are members of a multigene family found in manyplant species. Xu et al. found the overexpression of the B. napus NCED family gene BnNCED3 contributed to ABA accumulation in transgenic Arabidopsis plants, thereby enhancing abiotic stress tolerance 46 . Among four AAOs (AAO1-AAO4), AAO4 gene is the most likely candidate for an ABA biosynthetic enzyme because in addition to its high expression in developing siliques, it is also induced by drought stress in leaves 47 . To further confirm that γ-PGA promoted ABA accumulation, we investigated the transcription levels of BnNCED3, BnZEP, and BnAAO4. In this study, γ-PGA effectively increased the transcription levels of these three genes under drought stress, and BnAAO4 was also induced by γ-PGA application under non-stress conditions. These results indicate that γ-PGA may induced ABA accumulation by upregulating the transcription levels of BnNCED3, BnZEP, and BnAAO4.
An increasing number of plant peptide hormones have recently been identified, and their roles in plant growth, development, and stress responses have gradually been revealed 48 . However, it remains unclear how γ-PGA regulates ABA synthesis and expression of related ABA biosynthesis genes; in addition, the signal transduction mechanism downstream of γ-PGA in plants needs further clarification, although it was shown in a previous study that γ-PGA can trigger a change in calcium signaling, promoting growth in the Chinese cabbage 23 .
The possible mechanism of γ-PGA induced system tolerance to drought stress in B. napus are shown in Fig. 7 . In summary, the application of γ-PGA activates ABA-associated regulatory factors, thereby up-regulating the www.nature.com/scientificreports www.nature.com/scientificreports/ expression of ABA biosynthesis genes and promoting the accumulation of ABA. ABA further regulates downstream targets, increasing the activity of antioxidant enzymes and promoting the accumulation of proline; this increases cellular ROS scavenging ability and osmoregulation in rape seedlings, reducing protein damage and membrane lipid peroxidation resulting from drought stress. However, further experimental evidence is required to confirm these observations.
In summary, our study showed the positive effects of γ-PGA on rape seedlings under drought stress. This is mainly reflected in increased biomass and proline content, improved water retention capacity, reduced MDA content, and enhanced activity of antioxidant enzymes. Moreover, ABA accumulation was related to increased transcription levels of the ABA biosynthesis genes BnNCED3, BnZEP, and BnAAO4. Our results indicate that γ-PGA induced system tolerance to drought stress by promoting ABA accumulation in B. napus.
Materials and Methods
plant materials and stress treatments. The experiments were carried out with Suyou No. 1 (B. napus) , provided by Jiangsu Academy of Agricultural Sciences, Nanjing, China. The seeds were germinated on filter paper soaked in distilled water for 5 d. Seedlings were then transplanted to hydroponic grow plastic boxes and were grown in growth chambers with supplemental lighting of 250 µmol m −2 s −1 , a 14/10 h day/night photoperiod, relative humidity of 65%, and a controlled temperature of 24/18 °C (day/night). The nutrient solution was based on Hoagland Arnon's nutritive solution with minor modifications 25 . Morphologically uniform four-week-old seedlings were selected for different treatments.
Seedlings were randomly divided into four groups with three replicates each. We simulated drought stress by adding PEG-6000 (150 g/L) to the hydroponic solution, the corresponding osmotic potential of the solution was about −0.40 MPa 49 . The four groups were cultured in half-strength modified Hoagland's solution containing different components, as follows: Control, Hoagland's solution only; PGA, Hoagland's solution with PGA (20 mg/L, 2 kDa); PEG, Hoagland's solution with PEG-6000 (150 g/L); and PGA + PEG, Hoagland's solution with PGA (20 mg/L, 2 kDa) and PEG-6000 (150 g/L). The concentration and molecular weight of γ-PGA were selected based on our previous study 25 ; γ-PGA was provided by Nanjing Shineking Biotechnology Co. Ltd. The hydroponic solution was replenished daily, and seedlings were sampled at 2, 4, 6, 8, 10, and 12 d after treatment.
Determination of fresh weight and relative water content. Six plants per replicate were harvested
and weighed immediately after removing the roots. The determination of relative water content (RWC) is based on the method of Smart 50 , fresh shoots were weighed quickly to obtain fresh weight (FW); the shoots were then soaked in distilled water for 4 h and turgid weight (TW) was measured. To measure dry weight (DW), the shoots were then dried at 80 °C for 24 h. RWC was calculated as follows: RWC (%) = 100% × (FW-DW)/(TW-DW).
Determination of chlorophyll content. Chlorophyll content was determined following the method described by Arnon 51 . Fresh leaves, each containing 0.5 g of plant tissue, were extracted in the dark with 10 mL of 80% acetone. The assay mixture was centrifuged at 10000 × g for 5 min, and the supernatant was removed, mixed with 85% aqueous acetone solution to an appropriate concentration, and the absorbance measured at 663 and 645 nm. Chlorophyll content was calculated according to the equations given by Arnon 51 .
Measurement of MDA. MDA levels were determined by reaction with 2-thiobarbituric acid according to Cheng et al. 52 , with modifications. Briefly, fresh seedling shoot samples (0.3 g each) were homogenized and extracted in 10 mL of 0.25% TBA made in 10% trichloroacetic acid. The mixture was then heated in a water bath shaker at 95 °C for 30 min and rapidly cooled on ice. The absorbance of the supernatants was determined at 532 nm after centrifugation at 5000 × g for 10 min. Correction of non-specific absorption was calculated by subtracting the absorbance at 600 nm. The concentration of MDA was expressed as μmol/g FW.
Determination of proline content. Proline content was measured using the method described by Bates et al. 53 , with modifications. 0.5 g seedling shoots samples were ground in liquid nitrogen with a mortar and pestle, 10 mL of 3% sulfosalicylic acid was subsequently added, and the solution was then homogenized in a water bath at 100 °C. The supernatant was collected after centrifugation at 12000 × g for 10 min. Subsequently, 2 mL of glacial acetic acid and 3 mL of 2.5% ninhydrin reagent were added to 2 mL of supernatant. The mixture was incubated in boiling water for 60 min, and the reaction mixture was then extracted by adding 4 mL of methylbenzene. The absorbance of the extract liquor was determined at 520 nm, using a spectrophotometer.
Determination of antioxidant enzymes.
For the analysis of antioxidant enzymes (SOD, CAT, APX, and POD), 0.5 g of seedling shoots was manually ground with a mortar and pestle in liquid nitrogen and homogenized in 8 mL of cold extraction buffer consisting of 50 mM sodium phosphate buffer with 1% polyvinylpyrrolidone (pH 7.8). The homogenate was centrifuged at 10000 × g for 10 min at 4 °C and the supernatant was used for the measurement of enzyme activity, as described below 54 . SOD (EC 1.15.1.1) activity was determined by inhibiting photochemical reduction using nitro blue tetrazolium (NBT) 55 . Briefly, 100 μL of enzyme extract was added to the reaction mixture contain ning 50 mM potassium phosphate buffer (pH 7.8), 2 μM riboflavin, 75 μM NBT, 13 mM methionine, and 0.1 mM EDTA. The reaction was started and maintained with 4000 lux light for 20 min. One unit of SOD activity was defined as the amount of enzyme required for 50% inhibition of NBT reduction measured at the wavelength of 560 nm. CAT (EC 1.11.1.6) activity was determined as follows: 100 μL of enzyme extract was added to a 3 mL reaction mixture containing 50 mM potassium phosphate buffer (pH 7.0), 10 mM H 2 O 2 , and 2 mM EDTA-Na 2 . The absorbance changes of the reaction mixture were recorded at 240 nm for 1 min, and CAT activity was expressed as the amount of decomposed H 2 O 2 56 . The APX (EC 1.11.1.11) activity was measured in a 3 mL reaction mixture consisting of 100 μL of enzyme extract, 100 mM phosphate (pH 7.0), 0.3 mM ascorbic acid, 0.06 mM H 2 O 2 ,
Gene (ID)
Encoded protein Primer sequence Actin (AF111812) Reference gene L1-5′ AAGAGCTGGAGACGGCTAAG 3′
R1-5′ GTACTTCAGGGCAACGGAAT 3′
BnNCED3 (HQ260434) 9-cis-Epoxycarotenoid dioxygenase L1-5′ GGTTCCGTATGGGTTTCACG 3′
R1-5′ TATGCACACACCATCCCACT 3′
BnZEP (GU361616) Zeaxanthin epoxidase L1-5′ CGAACACGGGACCTATCTCA 3′
R1-5′ TGGGAGTTGTCCTGATCACC 3′
BnAAO4 (EV088287) Aldehyde oxidase L1-5′ GCAGTTAGGCTTTGCTGTGT 3′ R1-5′ GAACGAGCTGACAAGTCCAC 3′ Table 2 . Primer sequences for qRT-PCR.
